In iteroparous animals, investment in growth is compromised by investment in reproduction, especially in species with indeterminate growth. Life-history theory predicts that growth should be favoured over reproduction, assuming size-related fecundity or survival. Hence, increase body condition represents an increase in reproductive potential. Simultaneous hermaphrodites should adjust their resource allocation to each sex function in response to current conditions but, recently, it has been suggested that, in hermaphrodites, gender allocation should be considered as a three-way trade-off, including the investment in somatic growth. Due to the higher costs involved, the female function is affected to a greater extent by environmentally stressful conditions rather than the male function. To examine this, we induced stress in the hermaphroditic earthworm Eisenia fetida (Savigny, 1826) and looked for changes in resource allocation in nonreproductive and reproductive individuals. Experimental stress was induced by using tweezers to elicit contractile escape movements. We predicted that stressed earthworms would preferentially allocate resources to growth. In nonreproductive individuals, however, stress had a negative effect on growth, although weight recovery was rapid once manipulation ceased, indicating the importance of body condition, as well as the existence of mechanisms of compensatory growth for growth trajectories in this earthworm species. The response of reproductive individuals was consistent with our expectation: (1) stressed worms maintained their growth rate at the expense of current reproduction and (2) stressed earthworms laid 25% fewer cocoons, which were 30% lighter than cocoons laid by control earthworms. The present results suggest that E. fetida regulates its reproductive effort and that future reproduction has more impact on its fitness than current reproduction. The trade-off between current and future reproduction should be taken into consideration in models of sex allocation in simultaneous hermaphrodites.
INTRODUCTION
A constrained relationship between traits (i.e. a tradeoff) is the linkage between two traits that affects the relative fitness of genotypes, while avoiding independent evolution of the traits. Allocation of resources to one trait that enhances fitness will thus result in changes in other traits that diminish fitness (Stearns, 1992) . A central point in life-history theory is that parental investment in current reproduction should be balanced by the costs in terms of residual reproductive value (Williams, 1966; Stearns, 1992) . Iteroparous animals must decide how to allocate their energy resources obtained between themselves and their offspring, and their current reproductive investment is more likely to be regulated by the effect of reproductive effort on future reproduction (Stearns, 1976; Charlesworth, 1980; Maynard Smith, 1982) . In iteroparous invertebrates with indeterminate growth (i.e. growth that continues after maturation), the investment in growth increases the possibility of future reproduction because size is related to fecundity and/or survival (Reznick, 1983; Shine & Schwarzkopf, 1992; Schwarzkopf, 1993) .
Simultaneous hermaphrodites, unlike gonochoristic animals, should adjust their resource allocation to each sex function in response to current conditions (Charnov, 1979) ; the division of reproductive resources into male and female functions is therefore an important strategy for optimizing fitness (Charnov, 1982) . Although, the trade-off between male and female allocation is the implicit assumption of sex allocation theory (Charnov, 1979 (Charnov, , 1982 , empirical studies have produced contradictory results (Schärer, Sandner & Michiels, 2005) ; this may be in part due to the allocation of resources, including other lifehistory traits. It has been suggested that, in hermaphrodites, gender allocation should be considered as a three-and not a two-way trade-off (Yund, Marcum & Stewart-Savage, 1997; Schärer et al ., 2005) , including the investment in somatic growth. In this way, colonies of the hermaphroditic bryozoan Celleporella hyalinea reduce their growth, favouring allocation to female function whereas male function remains constant (Hughes, Manríquez & Bishop, 2002) . Due to the higher costs involved, female function is affected to a greater extent by environmentally stressful conditions than is the male function (Lloyd & Bawa, 1984) and, for example, it has been demonstrated that experimentally induced environmental stress causes maleness in hermaphroditic animals (Hughes et al ., 2003) . Consequently, trade-off between current and future reproduction will be driven to a greater extent by the female rather than by the male function.
In hermaphrodites, there is often a positive correlation between female fecundity and body size (Baur & Raboud, 1988; Baur, 1988; Yusa, 1994; De Witt, 1996; Tomiyama, 1996; Vreys & Michiels, 1997; Wedekind, Stahm & Schärer, 1998; Trouvé et al ., 1999; Madec, Desbuquois & Coutellec-Vetro, 2000) . As copulation is often costly, due to the time invested and the increased risk of predation, and as many hermaphroditic species occur at high densities, a preference for larger partners may be expected (Ridley, 1983) . Thus, as fecundity increases with body size in hermaphrodites with indeterminate growth, we expect that small changes in growth will have a large effect on future reproduction and hence on total fitness. Earthworms belonging to the genus Eisenia are simultaneously hermaphroditic animals with indeterminate growth (for a review of their life-history traits, see Domínguez, 2004) . As in many hermaphrodites, 'female' fecundity in Eisenia fetida is positively correlated with growth (Domínguez & Edwards, 1997; Domínguez, Briones & Mato, 1997) and females also appear to prefer larger partners (Monroy et al ., 2005) ; thus, it is expected that the female function will be increased in each reproductive event. Because they are iteroparous, with continuous and high reproduction rates (2-3 cocoons per week) and with a maximum life span of approximately 2 years (Michon, 1957; Venter & Reinecke, 1988) , a reduction in growth should have a potentially negative effect on the residual reproductive value. The results of other studies suggest that Eisenia spp. is able to allocate resources according to their current and future reproductive value (Tato, Velando & Domínguez, 2006) .
In the present study, we tested the effect of experimentally induced stress on the trade-off between growth and reproduction in the earthworm E. fetida . First, we studied the effect of the stressful conditions on earthworm growth in nonreproductive individuals (i.e. when the animals do not have to choose between growth and reproduction) by manipulating the energy levels available to earthworms to produce a divergence in growth trajectories of experimental and control individuals (Álvarez & Nicieza, 2005) . Although it is assumed that growth patterns in animals are programmed and fixed (Stearns, 1992) , there is increasing evidence that some organisms may respond, after a period of food scarcity, by increasing their growth rates compared with well-fed organisms (Álvarez & Nicieza, 2005) . We therefore expected that, under stressful conditions, which should lead to a reduction in the energy available for metabolism (Sibly & Calow, 1986) , there would be decrease in the growth rate of earthworms but, after the period of stress, earthworm growth should be compensated for by increased growth rates. Second, we studied the effect of stressful conditions in reproductive earthworms to determine whether the cost of the stress is passed to offspring (i.e. reduction in reproduction) or whether they absorb the cost themselves (i.e. by a reduction in growth). We expect that, under unfavourable conditions, earthworms should sacrifice their current reproduction to maximize their residual reproductive value.
MATERIAL AND METHODS S TUDIED SPECIES AND EXPERIMENTAL INDUCTION OF STRESS
Individuals of E. fetida (Oligochaeta: Lumbricidae) were obtained from a compost heap (Mos, Galicia, Spain), then maintained in the laboratory at a temperature of 20 ± 2 ° C, and supplied with cow manure ad libitum . Stress was induced by stimulating the typical contractile movement of the earthworms by squeezing them with laboratory tweezers, but avoiding causing any physical damage. This contractile movement has been described in neuronal experiments and is related to an escape mechanism when earthworms are attacked (Rushton, 1945) . The contractile reaction can be graded, and is minimized or maximized according to stimuli received (Roberts, 1962) .
N ONREPRODUCTIVE EXPERIMENT
For this experiment, 40 earthworms were reared in isolation until no cocoons were laid (approximately 2 months after deposition of the last cocoon) and were then randomly divided into two groups (experimental and control). Experimental earthworms were stressed once a day over a period of 7 days and control earthworms were gently manipulated but not stressed during the same period. We consciously intensified the stress treatment to obtain a rapid response, and to determine the suitability of the treatment chosen. During the experiment, earthworms were maintained in isolation in Petri dishes and fed ad libitum ; earthworms were placed at random in four groups of ten Petri dishes in a laboratory chamber. The growth of the earthworms, measured as changes in body weight, was recorded at the end of the experimental period and also after a further 7 days without manipulation. Accordingly, we were able to test the reliability of the treatment chosen, and whether earthworms have the capacity for growth compensation after a limiting energy condition, once the stressful situation has ceased (Álvarez & Nicieza, 2005) .
Three earthworms in each group died (control and experimental) and were not included into the analyses. There were no differences between control and experimental groups in terms of the initial weight of earthworms ( P = 0.09), with the earthworms in the control group being slightly heavier than the earthworms in the experimental group (0.58 ± 0.04 g and 0.51 ± 0.3 g, respectively). Uniparental reproduction has been described in this species, although at very low rates ( < 4%; Domínguez et al ., 2003) , and no cocoons were found in the present study R EPRODUCTIVE EXPERIMENT For this experiment, 40 mature earthworms were collected from the natural population in early spring, the period of maximum mating in this population (Monroy et al ., 2006) , and then randomly divided into two groups (experimental and control). Experimental earthworms were stressed thrice a week over a 20month period (the laying period), and control earthworms were gently manipulated but not stressed during the same period. In the present study, we aimed to understand how earthworms allocate their resources between growth and reproduction. We therefore deliberately reduced the amount of stress because we wanted to test for any changes in how the earthworms allocated their resources (current reproduction vs. growth); if we intensified the treatment (as we did in the nonreproductive experiment to seven pinches with the tweezers per week), it is quite possible that earthworms could not cope with the stress and therefore a reduction in both traits (reproduction and growth) would be expected. In the latter case, we would be unable to test allocation decisions.
During the experiment, earthworms were kept in isolation in 100-mL plastic jars and covered with perforated lids and fed ad libitum ; earthworms in each groups were randomly placed in eight groups of five jars in a laboratory chamber. Earthworm weight and the number and biomass of cocoons they produced (determined by hand-sorting) were measured weekly for the duration of the experiment. All cocoons were placed on dampened cotton in microplate wells to enable measurement of incubation time, viability rate, number of hatchlings per cocoon, and hatchling biomass. During the experimental period, eight earthworms died (four in each group) and were not included in the statistical analyses. There were no differences between groups in terms of the initial earthworm weight ( P = 0.12), with the earthworms in the control group being slightly heavier than those in the experimental groups (0.31 ± 0.02 g and 0.28 ± 0.01 g, respectively).
S TATISTICAL ANALYSIS
The effect of experimental stress on earthworm growth (mg day − 1 ) in the nonreproductive experiment was analysed using a repeated measures analysis of variance (ANOVA), where experimental manipulation was the between subject factor, and time (during and after treatment) the within subject factor. The initial weight of earthworms was introduced as a covariate in the model. Post-hoc comparisons were performed by a Tukey's HSD test. This design allowed us to test the existence of compensatory growth in earthworms (Álvarez & Nicieza, 2005) .
In the reproductive experiment, the earthworm was used as the unit of analyses; thus, the mean value of the reproductive parameters per earthworm was calculated. The effect of experimental stress on the earthworm growth rate over 2 months (9 weeks) was analysed using a repeated measures ANOVA, where the experimental manipulation was the between subject factor and time (week) the within subject factor. To check for any possible effect of sperm depletion on cocoons produced during the experiment, we tested the interaction between treatment and time, and found that it was not significant ( P = 0.52); thus, we used the total number of cocoons per earthworm in the analyses. The effect of experimental stress on the reproductive variables in the reproductive experiment was analysed by fitting generalized linear models (GLM) to the data (McCullagh & Nelder, 1989) . The error distribution and link function were chosen, according to presumed error in the data, to reduce the deviance in the model (Herrera, 2000) . The number of cocoons and hatchlings were analysed using a Poisson distribution and log link. Earthworm growth rates, the mean weight of cocoons and hatchlings, and the number of hatchlings per cocoon were analysed using a normal distribution and identity link. The initial weight of the earthworms was introduced as a covariate in all models, and had a significant negative effect over all reproductive variables tested ( P < 0.05 in all cases) except growth rate, hatchling mean weight, and number of hatchlings per cocoon ( P > 0.06 in all cases).
RESULTS N ONREPRODUCTIVE EXPERIMENT
During the 7 days of manipulation, the stressed earthworms showed negligible growth, whereas control earthworms grew eight-fold faster (Fig. 1) . However, 1 week after the end of manipulation, the growth rate of the stressed earthworms was higher than the growth rate of controls (Fig. 1 ). There was a significant interaction between the treatment and time (repeated measures ANOVA, F 1,31 = 21.29, P = 0.00006); post-hoc comparisons revealed significant differences between treatments only during the stressful conditions, but not 1 week after the end of the manipulation (Fig. 1) . Growth rate of earthworms was not affected by initial weight (repeated measures ANOVA, F 1,31 = 0.01, P = 0.9).
R EPRODUCTIVE EXPERIMENT
After 2 months, the growth rate was similar in both groups (control: 2.94 ± 0.70 mg day − 1 ; experimental: 2.38 ± 0.45 mg day − 1 ; GLM, χ 2 = 0.44, d.f. = 1, P = 0.51). The growth rate of earthworms during the experiment was similar over time (repeated measures ANOVA, F 8,216 = 0.27, P = 0.9), and there was no interaction between treatment and the time (repeated measures ANOVA, F 8,216 = 0.73, P = 0.6).
Experimental stress significantly reduced cocoon production ( − 25%) and cocoon weight ( − 30%) compared with the control (cocoon production: GLM, χ 2 = 12.21, d.f = 1, P = 0.0004, Fig. 2A ; cocoon weight: GLM, χ 2 = 4.19, d.f. = 1, P = 0.04, Fig. 2B ); but no differences were found in cocoon viability (control: 63 ± 8% and experimental: 52 ± 8%; GLM, χ 2 = 0.44, d.f. = 1, P = 0.51). The total number of hatchlings per earthworm was significantly lower (−37%) in the experimental group than in the control (GLM, χ 2 = 36.39, d.f. = 1, P < 0.0001, Fig. 2C ), but no differences were found in either hatchling weight (GLM, χ 2 = 0.69, d.f. = 1, P = 0.41) or in the number of hatchlings per cocoon (GLM, χ 2 = 0.51, d.f. = 1, P = 0.47).
DISCUSSION
The present results show that earthworms responded differentially to experimental stress, depending on their reproductive status. When nonreproductive earthworms were subject to the stress, there was a reduction in their growth rates but, interestingly, once stress manipulation ceased, the growth rate rapidly increased. The significant interaction between treatment and time resulting from this behaviour indicates the existence of mechanisms for a compensatory response for growth trajectories, at least under laboratory conditions (Álvarez & Nicieza, 2005) .
In the reproductive experiment, the growth curves of both control and stressed earthworms were very similar, and the absence of any interaction between treatment and time suggests similar growth rates. The difference between reproductive and nonreproductive experiments should be considered carefully because there may have been growth compensation in reproductive earthworms due to the low intensity of treatment compared with the nonreproductive experiment. Nevertheless, the present evidence indicates that, during reproductive events, earthworms appear to allocate resources preferentially to reproduction rather than to growth. In control, nonreproductive earthworms, the growth rate was three-fold higher than in reproductive earthworms, suggesting that there is a high energy demand associated with reproduction, although this effect may also be attributed to initial weight difference in the experiments (the non- reproductive earthworms were heavier than reproductive ones). In this context, Sella & Lorenzi (2003) found that the growth rate of protandrous males of the hermaphroditic polychaete Ophryotrocha diadema that were allowed to fertilize hermaphrodites' eggs was lower than that of control males.
The response to stress in the reproductive experiment clearly indicated that earthworms invested preferentially in growth rather than in reproduction. Unlike in many taxa of hermaphrodites in which sperm digestion is widespread (Michiels, 1998), E. fetida is unable to digest allosperm that are received (Richards & Fleming, 1982) and therefore the earthworms in the reproductive experiment could not avoid the cost derived from reproduction (i.e. nutritional compensation through digestion of received allosperm). The resources devoted to maintaining growth in stressed reproductive earthworms were probably obtained from those necessary for reproduction and, as a consequence, the reproductive effort was diminished. The induced stress did not affect cocoon viability or the number of hatchlings per cocoon. Nevertheless, stressed earthworms produced less and lighter cocoons than unstressed earthworms, which in turn resulted in a lower number of hatchlings from stressed earthworms. Thus, experimental stress reduced cocoon production, but not the quality (with a similar number of hatchlings per cocoon). Hence, the results of the present study showed that, under unfavourable conditions, earthworms sacrifice their current reproduction, probably to maximize their residual reproductive value.
It is also possible that earthworms were responding as if to an increase in predation pressure because the experimental stress induced may be similar to predation by birds. However, predation pressure cannot explain the different responses to manipulation in reproductive and nonreproductive earthworms. Thus, the present results are more consistent with the hypothesis of a decision in life traits for iteroparous animals with indeterminate growth, in which allocation should be driven to growth when the available energy is not sufficient to support both activities. This is also consistent with the negative correlation between growth and reproduction in organisms with indeterminate growth (Stearns, 1992) . Furthermore, because it is expected that an investment in growth leads to an increase in future reproduction due to sizerelated fecundity, the trade-off between growth and reproduction may be seen as a trade-off between current and future reproduction (Heino & Kaitala, 1999) . By maintaining its growth rate (i.e. ensuring a better body condition for future reproductive events), E. fetida may maximize its residual reproductive value through its female fecundity function (Domínguez & Edwards, 1997;  (Monroy et al., 2005) . Moreover, in this earthworm species, body size affects the quality of cocoons; large individuals lay large cocoons that produce a high number of hatchlings (Hartenstein, Neuhauser & Kaplan, 1979) . Therefore, the present evidence indicates that E. fetida appears to be able to regulate its reproductive decisions according to its physiological conditions, and give priority to future reproduction over current reproduction, probably to maximize fitness.
Similar strategies of resource allocation to growth and reproduction have been observed in experiments where organisms were exposed to suboptimal environments, in which dealing with stress incurred a cost in terms of metabolic resources; thus, the earthworm E. andrei reared in artificial soil under environmental stress (i.e. a range of pH, temperature and moisture regimes) preferentially maintained growth, resulting in production of less cocoons (van Gestel, Dirven-van Breemen & Baerselman, 1992) . Moreover, West et al. (2003) reported that resource allocation in adult individuals of the earthworm Lumbricus rubellus could be altered by stress (low Ca 2+ levels in soil), thereby reducing its reproductive output. As these studies analysed groups of earthworms, they cannot separate the effects on reproductive output from confounding population traits such as differential mortality, changes in mating behaviour, and sperm quality, as can be achieved in individual level studies. Indeed, Kaitala (1987) showed that, in the waterstrider Gerris thoracicus, whose lifespan is related to reproductive effort, individual females with limited food supply switched off reproduction to ensure survival.
The result of stress in organisms is a reduction in the scope of allocation decisions, resulting in reduced fitness (Sibly & Calow, 1986) and indeed, in hermaphrodites, this should affect sex allocation to each sex function. In the present study, we show that, in the simultaneous hermaphrodite E. fetida, the female function is dramatically affected by growth and stressful conditions, which have important implications for both current and future reproduction. Although the total amount of reproduction via eggs and sperm is probably equal (Fisher, 1930) , the costs associated with each sexual function would differ, mainly because reproduction via sperm has a lower cost than egg production due to anisogamy (Bateman, 1948) . In hermaphrodites, the sex allocation theory assumes that there is a trade-off between male and female function (Charnov, 1982) . However, this trade-off should be considered as three-way (i.e. allocation to male, female and growth) (Yund et al., 1997) and indeed, in the hermaphroditic colonial bryozoan C. hyalina, more females developed in response to the presence of allosperm, whereas the number of males remained unaltered, producing a decrease in the somatic growth of the colony (Hughes et al., 2003) . Although we did not measure the male reproductive function in the present study, it would be expected that stressful conditions may bias sex allocation in E. fetida towards male rather than female function because of the lower cost involved. We believe that this aspect should be taken into consideration in constructing theoretical models of sex allocation in simultaneous hermaphrodites.
